To cure the fireblight pathogen Erwinia amylovora of a 29 kb plasmid (pEA29) that is common in strains of these bacteria, restriction fragments of this plasmid were inserted into plasmids based on replication functions of bacteriophage fd, which cannot replicate in bacteria without expression of viral gene 2-protein. A 4.4 kb PstI fragment including the unique BamHI site of pEA29 allowed pfd plasmids to be propagated in E. amylovora. Furthermore, selection for these plasmids removed the natural 29 kb plasmid, apparently because of plasmid incompatibility. The pfd plasmids with the 4.4 kb insertion had a high tendency to segregate in E. amylovora when grown without selective pressure. Plasmid-free E. amylovora strains were virulent in standard tests on slices of immature pears, but symptom development was delayed compared to the wild-type. When assayed on pear seedlings a deficiency in pathogenicity was observed. Furthermore, strains without pEA29 spread more slowly on a lawn of pear cells than did wildtype strains. Plasmid-free strains of E. amylovora were not auxotrophic, but synthesis of extracellular polysaccharide was altered under certain growth conditions.
The 29 kb Plasmid, Common in Strains of Erwinia mylonova, Modulates Development of Fireblight Symptoms

By H I L D E G A R D F A L K E N S T E I N , ' W O L F G A N G Z E L L E R 2
A N D KLAUS G E I D E R 1 * Max-Planck-Institut fur medizinische Forschung, Abteilung Molekulare Biologie, Jahnstr. 29, 0-6900 Heidelberg, FRG Biologische Bundesanstalt fur Land-und Forstwirtschaf, Institut fur PJEanzenschutz im Obstbau, 0-6915 Dossenheim, FRG (Received 27 February 1989; revised 22 May 1989; accepted 23 June 1989) To cure the fireblight pathogen Erwinia amylovora of a 29 kb plasmid (pEA29) that is common in strains of these bacteria, restriction fragments of this plasmid were inserted into plasmids based on replication functions of bacteriophage fd, which cannot replicate in bacteria without expression of viral gene 2-protein. A 4.4 kb PstI fragment including the unique BamHI site of pEA29 allowed pfd plasmids to be propagated in E. amylovora. Furthermore, selection for these plasmids removed the natural 29 kb plasmid, apparently because of plasmid incompatibility. The pfd plasmids with the 4.4 kb insertion had a high tendency to segregate in E. amylovora when grown without selective pressure. Plasmid-free E. amylovora strains were virulent in standard tests on slices of immature pears, but symptom development was delayed compared to the wild-type. When assayed on pear seedlings a deficiency in pathogenicity was observed. Furthermore, strains without pEA29 spread more slowly on a lawn of pear cells than did wildtype strains. Plasmid-free strains of E. amylovora were not auxotrophic, but synthesis of extracellular polysaccharide was altered under certain growth conditions.
I N T R O D U C T I O N
The Gram-negative bacterium Erwinia amylovora causes fireblight on apples, pears and other rosaceous species. Ooze on infected plants may be a source of the disease spread via insects, birds or aerosols. Control of the fireblight pathogen may be improved by early identification of E. amylovora. Semi-selective media (Miller & Schroth, 1972 ), immunoassays (Lin et al., 1987 and DNA hybridization techniques can be applied. DNA fragments from a 29 kb plasmid, which is cryptic in all field isolates of E. amylovora, have been used as specific probes to identify the fireblight pathogen by colony hybridization (Falkenstein et al., 1988) . The ubiquity of this plasmid in all pathogenic strains isolated led us to investigate its influence on bacterial properties and on disease symptoms.
In Agrobacterium tumefaciens plasmid-borne genes are responsible for the bacterium-plant interaction (Melchers & Hooykaas, 1987; Stachel & Zambryski, 1986) . The Ti plasmid carries a virulence region, which encodes proteins that respond to phenolic compounds made by wounded plants in order to activate other genes for transfer of the T-DNA. This T-DNA segment of the Ti plasmid becomes integrated in the nuclear DNA of the plant and expresses three genes for the synthesis of plant growth hormones, which are a neoplastic growth stimulus. In Rhizobium, genes for the synthesis of extracellular polysaccharides (EPS) are located on megaplasmids (Miiller et al., 1988) . A 410 kb plasmid from Rhizobium phaseoli, which carries genes for nodulation and nitrogen fixation, was transferred into A. tumefaciens, where these plasmid-borne functions were expressed (Martinez et al., 1987) .
EPS is important in the interaction of bacteria with plant cells. A role of EPS in pathogenicity has been described for many plant-associated bacteria like Rhizobium, Agrobacterium and Erwinia. Its absence can affect attachment of the bacteria to plant cells, as shown for exoC mutants of A . tumefaciens (Cangelosi et af., 1987) , which are defective in the synthesis of 1,2-p-Dglucan (Puvanesarajah et al., 1985) . The lack of EPS can prevent the appearance of disease symptoms, as shown for cps mutants of Erwinia stewartii (Dolph et a f . , 1988). We demonstrate here that E. amyfovora strains cured of the 29 kb plasmid not only have altered production of EPS but also show a delay in spreading on lawns of pear cells, in development of virulence symptoms on immature pears, and in pathogenicity on pear seedlings.
METHODS
Media for bacterial growth. These were as follows. Asp-agar: 4 g asparagine, 4 g K2HP04, 3 g NaCl, 0-2 g MgS04. 7H20, 0.2 g nicotinic acid, 0.2 g thiamin. HCl, 15 g agar agar per litre. MM(A) (minimal medium) (+ agar): 6 g Na2HP04, 3 g KH2P04, 0.5 g NaC1, 1 g NH,Cl, 0.2 g MgSO,. 7Hz0, 0-1 g CaCl,, 0-2 g nicotinic acid, 0.2 g thiamin. HCl, 15 g agar agar per litre. MMT: as MM, but without thiamin -for growth kinetics, the cultures were inoculated from a fully grown culture in MMT. MS: modified Miller-Schroth medium (Brulez & Zeller, 1981) . St.vSt.11: standard St.I/II agar (Merck).
Bacteria, plasmids and the typing phage. These are listed in Table 1 . Construction ofplasmids. The 4.4 kb PstI fragment from pEA29 was inserted into the PstI site of plasmid pfdA3 yielding plasmid pfdA3-4.4. It was propagated in Escherichia coli strain C600-2, which expresses phage fd gene 2 protein. This plasmid can be transferred into Erwinia amylovora by transformation, but not by conjugation. We therefore recloned the pEA29 4.4 kb PstI fragment into plasmid pfdA8-rnob, which carries a BamHI fragment with the transfer origin of RP4 (Simon et al., 1983) in the BgfII site of pfdA8 (Geider et al., 1985) . The 4.4 kb pEA29 fragment from pfdA3-4.4 was inserted into the unique PstI site of pfdA8-mob. The resulting plasmid was transformed into Esch. coli S17-2. Mobilization to E. amylovora occurred via transfer functions of RP4 stably integrated in strain S17. To construct pfdC1Z-lux, plasmid pUCD607 was cleaved with Sun, and the fragment with the luxoperon was inserted behind the lac promoter of plasmid pfdC1Z' after cleavage with the same enzyme. The absence of a repressor for the Esch. coli lac promoter in E. amylovora caused constitutive expression of the lux operon, when the fragment was inserted in the correct orientation.
Plant material. Immature pears (Pyrus communis) of the cultivar Bartlett were harvested in July. Pear cell lawns were prepared from suspensions of cells of P . communis cv. Passe Crassane (Pech & Romani, 1979) on B5-agar (Gamborg et al., 1968) in Petri dishes (7 cm diameter) and surface-dried for 1 h in a flow of sterile air. The plates were inoculated centrally with 10 p1 of a fully grown culture of bacteria and then sealed with tape. One-year-old pear seedlings (Kirchensaller Mostbirne) were infected with overnight cultures of E. amylovora (about 3 x lo9 cells ml-I) injected by syringe into the growing zone of tips of young succulent shoots. The plants were then kept in a growth chamber at 22 "C with 90% humidity and 12 h light.
Other methods. Colony hybridization for E. amylovora has been described (Falkenstein et al., 1988). The 5 kb Sun fragment from pEA29 in plasmid pBGS18-5 was labelled by nick translation. Bioluminescence on pear cell lawns was measured by exposure of a Kodak-X-ray film for 1 h to visualize weak light signals. If bioluminescence can be seen by eye, exposure for 3min is sufficient (F. Bernhard, T. Schwartz, R. Theiler & K. Geider, unpublished).
R E S U L T S
Curing E. amylovora of pfasmid pEA29 Plasmid pfdA3-4.4 carries a 4-4 kb DNA segment from E. amyfovora plasmid pEA29 which apparently expresses replication and incompatibility functions in cells of the fireblight pathogen. It can be transferred into E. amyfovora cells by transformation with a low efficiency. Higher yields of plasmid uptake were achieved by bacterial conjugation with a mobilized plasmid. The same fragment was cloned into plasmid pfdA8-mob to allow transfer from Esch. coli to E. amyfovora. When plasmids with the 4.4 kb fragment were introduced into a virulent E. amyfovora strain (selecting for kanamycin resistance), the bacteria in almost all the colonies assayed by DNA hybridization had lost their resident plasmid pEA29. The pfd plasmids with the pEA29 replication origin were fairly unstable in E. amyfovora. When cells with plasmid pfdA3-4.4 or pfdA8-mob-4.4 were grown without antibiotic selection for about ten generations and plated on agar, about 50% of the colonies had lost kanamycin resistance. Cells devoid of the natural and the pfd plasmid were identified for loss of pEA29 by colony hybridization with the Plasmid of' E. amylovora that aflects virulence Billing & Garrett (1980) labelled 5 kb SalI fragment from the E. amylovora plasmid (Fig. 1 a) and for loss of pfdA8-mob-4-4 by antibiotic sensitivity. Plasmid-free strains derived from the parent strains Ea7/74, Ea1/79 and Eall/88 were designated EaX7/74, EaX1/79 and EaXll/88, respectively.
General properties of plasmid-free mutants
The E. amylovora strains lacking pEA29 were investigated for growth properties under various conditions. They could not be distinguished from the parent strains by many plating conditions, by their growth rate in minimal medium, or by sensitivity to an E. amylovora-specific phage ( Table 2) . A significant difference was observed on minimal agar with sucrose in the absence of thiamin. On this medium, where E. amylovora synthesizes exclusively fructan (measured by hydrolysis of the isolated polysaccharide and identification of the fructose residues by HPLC; M. Gross, K. Rudolph, G. Geier & K. Geider, unpublished), the plasmid-free strains produced translucent mucoid colonies in contrast to the turbid mucoid colonies of the parent strains. This may indicate changes in EPS production by cells lacking pEA29. A deficiency in slime production was observed for strains EaXl/79 and EaXl 1 /88 on asparagine/sorbitol agar ( Table 2 ). The wild-type strain Ea7/74 was barely mucoid on this medium.
Bioluminescence of colonies with plasmid pfdC1Z'-lux on rich agar was only slightly lower in intensity for the plasmid-free strains EaX7/74 and EaXll/88 compared to the wild-type strains. The plasmid-free strain EaX 1 /79 showed significantly reduced light production compared to strain Ea1/79 (Fig. 16 ). Strains without pEA29 may have a less favourable cell metabolism for bioluminescence than their parent strains.
Ooze production on pear slices A standard virulence assay for E. amylouora is ooze production on slices from immature pears. Using this system, we observed a significant delay of exudate synthesis for the plasmid-free strain EaX7/74 (Fig. 2) . After about two weeks the levels of ooze and necrotic symptoms were similar for cured and wild-type strains. No virulence symptoms were found for the avirulent strain E8. Fig. 1. (a) Colony hybridization for loss of pEA29 in virulent E. amylouora strains. The strains (designation X refers to plasmid-free strains) were grown in duplicate on St.1-agar and further treated as described elsewhere (Falkenstein et al., 1988) . 1, Ea7/74; 2, EaX7/74; 3, Ea1/79; 4, EaX1/79; 5, Eall/88; 6, EaXll/88. (b) Comparison of bioluminescence of wild-type and mutant E. amylouora strains with plasmid pfdC1Z'-lux. Colonies on St.1-agar were grown overnight at 28 "C and exposed to an X-ray film for 3 min. 1, Ea7/74; 2, EaX7/74; 3, Ea1/79; 4, EaX1/79; 5, Eall/88; 6, EaXll/88. All strains were transformed with plasmid pfdC 1 2'-lux. Spreading of bioluminescent E. amylovora on pear cell lawns As virulence assays on pears depend on the season, the fruit cultivar and the storage of the immature pears, the test system can vary during the course of the year or might even be unavailable most of the time. In order to monitor speading of E. amylouora on cultivated plant cells, we loaded the various E. amylouora strains with plasmid pfdC1Z'-lux, which gives rise to constitutive bioluminescence in E. amylouora, because the bacteria apparently lack a protein with functions of the Esch. coli lac repressor. Comparing the wild-type and the plasmid-free E. amylouora strain Ea7/74, we found a faster onset of bioluminescence for the parent strain compared to the mutant (Fig. 3) . One day after infection of a pear cell lawn the parent strain showed about a tenfold larger area of light production than the plasmid-free mutant. Picking samples at four distances from the centre to the rim showed that no bacteria could be detected outside areas with bioluminescence. At late stages of incubation, bioluminescence declined in intensity and the rim of the cell lawn produced more light than the central region. When strains Ea1/79 and EaX1/79 or Eall/88 and EaXll/88 with plasmid pfdC1Z'-lux were used for 
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inoculation of a pear cell lawn, results similar to those for Ea7/74 and EaX7/74 were obtained (not shown). Experiments with bioluminescent E. amylovora strain Ea7/74 without and with pEA29 were also performed on pear slices (data not shown). Essentially the same results were achieved; i.e. a delay in the start of bioluminescence for the plasmid-free strain.
The multicopy plasmid pfdC 1 Z'-lux was stable in the absence of selective pressure, assayed in medium and in bacteria producing virulence symptoms on pear slices, which was in contrast to pfd plasmids with the replication origin of pEA29.
Pathogenicity on pear seedlings
Another important feature of a virulent E. amylovora strain is its pathogenicity on pear seedlings. This test comprises not only a direct assay of the interaction of the pathogen with pear cells in a localized plant cell area, but also its propagation among leaves and stems of the infected plant. Disease symptoms may be more complex than spreading of bacteria on a pear cell lawn and ooze production on pear slices.
Plants were infected with the parent strain Ea7/74 or with the plasmid-free strain EaX7/74 (Table 3) . Whereas in the first case seven out of eight plants showed severe fireblight symptoms one week after infection, inoculation with the plasmid-free strain produced disease symptoms in only two of eight plants. The avirulent strains E8 and P66 did not produce symptoms, as expected from earlier tests. The results on pear plants indicate a deficiency of the plasmid-free strain in causing development of fireblight.
D I S C U S S I O N
A 29 kb plasmid, found in many strains of E. amylovora (Falkenstein et al., 1988) , was cured from three virulent strains to deduce its influence on virulence and pathogenicity. Previous attempts to cure E. amylovora strains by conventional methods failed (Vanneste et al., 1985) . We induced the loss of the plasmid by introducing the incompatibility function as a 4.4 kb PstI fragment from pEA29 into a pfd plasmid and transferring the resulting plasmid into E. amylovora. It is assumed that this fragment carries replication functions that operate in E. amylovora, which may deplete pEA29 of replication proteins, similar to the situation found for pfd plasmids (Geider & Baldes, 1988) , or that it expresses genes which interfere with replicative functions of pEA29, as has been observed for ColE1 plasmids (Tomizawa & Itoh, 1981) . Plasmids with the 4.4 kb PstI-ori fragment are unstable in E. amylovora. In Esch. coli strains, they cannot replicate without an additional replication origin. In rare cases, a few transformants were isolated from Esch. coli carrying an altered plasmid, which still hybridized to the pfd plasmid and to pEA29 (H. Falkenstein & K. Geider, unpublished). Wild-type and plasmid-free Plasmid of E. amylovora that afects virulence 2649 E. amylovora strains cannot be distinguished easily by growth properties on agar or in minimal medium. Their ooze production on rich agar containing sugar and their growth in minimal medium were similar. In contrast to their parental strains, two of the plasmid-free strains produced little slime on asparagine/sorbitol agar. The synthesis of translucent slime on minimal agar with sucrose but without thiamin seems to be a characteristic feature of plasmid-free E. amylovora strains. Strains lacking pEA29 were impaired in virulence and pathogenicity, as shown by the results of tests with pear slices and pear seedlings. The slower spreading of bioluminescent mutant strains on a lawn of pear cells as compared to the wild-type also suggests a reduction in pathogenicity, reasoning that bacterial propagation and motility on cultured pear cells reflects characteristics important for production of fireblight symptoms on host plants or on pear slices. These effects might be explained by properties of the 29 kb plasmid that support bacterial cell metabolism with helper functions required in contact with the plant host cell. A complex pattern of host-microbe interaction can be imagined and further research for specific functions of the plasmid is required to obtain data explaining how it supports the bacterium.
Unlike E. carotovora, E. amylovora is not known to produce plant cell wall degrading enzymes (Seemuller & Beer, 1976) . We cannot presently decide from our data if the common 29 kb Erwinia plasmid mainly influences EPS synthesis or if it contributes directly to the destruction of the plant cells. However, its significant effects on virulence and pathogenicity permit us to conclude that the absence of the plasmid in the pathogen renders those bacteria inferior to plasmid-carrying E. amylovora strains for spreading fireblight in nature.
Before this manuscript had been submitted, Laurent et al. (1989) submitted a paper which also reports curing of E. amylovora of the 29 kb plasmid. Their plasmid-free strain requires thiamin for growth in minimal medium. Although we found some effect of thiamin on colony morphology, a strict requirement for thiamin was not observed for our three plasmid-free strains in minimal medium or on plates. On the other hand, a delay in the appearance of pathogenic effects on apple and pear seedlings was found by Laurent et al. (1989) , supporting the results reported here concerning the influence of the 29 kb plasmid of E. amylovora on the development of fireblight symptoms.
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